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ABSTRACT

The acousto-ultrasonic method has proven to be a most

interesting technique for nondestructive evaluation of the

mechanical properties of a variety of materials. Use of the technique,

or a modification thereof, has led to correlation of the associated

Stress Wave Factor with mechanical properties of both metals and

composite materials. This research project applied the method to the

nondestructive evaluation of selected fiber reinforced structural

composites. In this project, for the first time, conventional

piezoelectric tran';ducers were replaced with laser beam ultrasonic

generators and detectors. This modification permitted true non-

contact acousto-ultrasonic measurements to be made, which yielded
new information about the basic mechanisms involved as well as

proved the feasibility of making such non-contact measurements on

terrestrial and space structures and heat engine components. A

state-of-the-art laser based acousto-ultrasonic system, incorporating

a compact pulseci laser and a fiber-optic heterodyne interferometer,

was delivered to the NASA Lewis Research Center along with this

final report.

This report is based on the essay of Mr. Robert D. Huber

submitted to The Johns Hopkins University in conformance with the

requirements for the degree of Master of Science in Engineering in

the Department cf Materials Science and Engineering.
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INTRODUCTION

Although historically nondestructive techniques have been

used almost exclusively for detection of macroscopic defects in

structures after they have been in service for some time, it has

become increasingly evident that it is both practical and cost

effective to expand the role of nondestructive evaluation to include

all aspects of malerials production and application. Currently efforts

are directed at developing and perfecting nondestructive evaluation

techniques which are capable of monitoring and controlling the

materials production process; the materials integrity following

transport, storage, and fabrication; and the amount and rate of

degradation during the materials in-service life. Among the various

nondestructive evaluation techniques, ultrasonics plays a prominent

role because it affords very useful and versatile nondestructive

methods for evaluating the microstructures, associated mechanical

properties, as v, ell as micro- and macroscopic flaws in solid
materials.

Ultrasonic Waves in Solid Materials

The use of ultrasonic waves as nondestructive probes has as a

prerequisite the careful documentation of the propagational

characteristics of the ultrasonic waves themselves [1]. Since in

nondestructive evaluation applications it is not desirable for the

ultrasonic waves to alter the material through which they pass, it is

necessary to work with very low amplitude waves, which normally
are regarded to obey linear elasticity theory. Although most

practical uses of ultrasonics are applied to solid materials which are

polycrystalline aggregates and therefore assumed to be isotropic,

with real crystalline solids and composites the condition of ideal

isotropy is extremely difficult, if not impossible, to attain.

Linear Elastic Wave Propagation

In general three different linear elastic waves may propagate

along any given direction in an anisotropic material. These three

waves are usually not pure modes since each wave generally has

particle displacement components both parallel and perpendicular to
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the wave normal. However, one of these components is usually much
larger than the other; the wave with a large parallel .component is
called quasi-longitadinal while the waves with a large perpendicular
component are called quasi-shear. In the event that the material is
isotropic, then all modes become pure modes, i.e. the particle
displacements are either parallel or perpendicular to the wave
normal, and the two quasi-shear modes degenerate into one pure
shear mode. Also of great practical importance to elastic wave
propagation in anisotropic materials is the fact that the direction of
the flow of energy per unit time per unit area, the energy-flux
vector, does not in general coincide with the wave normal as it does
in the isotropic case, i.e. the ultrasonic beam exhibits refraction even
for normal incideace.

Attenuation of Nearly Linear Elastic Waves

For all real solids, the assumption of pure linear elasticity is

only an approximation, since all real ultrasonic waves are attenuated

as they propagat,_. If one considers this more realistic case, one

finds, to the l,_west order of approximation, that the general

propagational characteristics of such waves in solid materials are

identical with the linear elastic case as regards wave speeds, particle

displacements, energy flux vectors, and diffraction spread. However,

as a result of various mechanisms, there will be energy loss from

these propagating; waves.

Although geometrical effects can cause energy to be lost from

the ultrasonic beam, such losses are not indicative of intrinsic loss

mechanisms associated with the microstructure. Once proper

precautions are taken to either eliminate or control these geometrical

effects, ultrasonic attenuation measurements serve as a very

sensitive indicator of internal loss mechanisms caused by

microstructures and microstructural alterations in the material [2].

This sensitivity derives from the ability of ultrasonic waves of the

appropriate frequency to interact with a variety of defects including

cracks, foreign particles, precipitates, porosity, fiber breaks,

delaminations, disbonds, voids, grain boundaries, interphase
boundaries, and even dislocations.
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Nonlinear Elastic Wave Propagation

Nonlinear effects associated with ultrasonic wave propagation

may also be used to advantage for nondestructive materials

characterization [1]. Nonlinear effects in elastic wave propagation

may arise from several different causes. First, the amplitude of the

elastic wave may be sufficiently large so that finite strains arise.

Second, a material, which in its undeformed state behaves in a linear

fashion, may behave in a nonlinear fashion when infinitesimal

ultrasonic waves are propagated, provided that a sufficient amount

of external static stress or internal residual stress is superimposed.

Finally, the material itself may contain various energy absorbing

mechanisms such that it is locally nonlinear, e.g. the defects

enumerated prev!ously.

Nonlinear elastic waves differ from linear elastic waves in

several importar_t aspects. An initially sinusoidal nonlinear

longitudinal elastic wave of a given frequency distorts as it

propagates, and energy is transferred from the fundamental to the

harmonics that appear. The degree of distortion and harmonic

generation is directly dependent on the amplitude of the wave. A

pure mode nonlinear longitudinal nonlinear wave may propagate

alone, but a pure mode nonlinear transverse wave cannot propagate

without the existence of an accompanying longitudinal wave. On the

other hand, a nonlinear transverse wave does not distort when it

propagates in a defect free solid. Nonlinear elastic waves can
interact with other waves in the solid. At the intersection Of two

ultrasonic beams, additional ultrasonic beams can be generated.

Interaction with thermal vibrations causes energy loss from the

wave. The degree of interaction in all cases is directly dependent on

the amplitude of the wave.

Ultrasonic Wave_ in Inhomogeneous Materials

Additional problems arise with ultrasonic wave propagation in

inhomogeneous materials. The presence of a single bounding surface

complicates the propagational characteristics of ultrasonic waves in

solid materials and can lead to erroneous interpretation of velocity

and attenuation measurements. The presence of many bounding

surfaces, such as occur in grossly porous or large grain ceramics and

in composites, complicates the propagational characteristics even
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more and, except in a few special cases, the problems have not been
solved analytically However, solution of these problems will permit
proper ultrasonic measurements to be an invaluable tool in
characterizing ceramic and composite materials.

Contact or Water Coupled Transducer_

Historically. piezoelectric crystals such as quartz were

predominantly used as transducer materials. Currently, poled

ferroelectric ceramics are most often used. A major problem

associated with conventional ultrasonic techniques is the

requirement that both the generating and receiving transducers be

acoustically bonded to the test material with some sort of acoustical

impedance matchi:ag coupling medium such as water, oil, or grease;

or often more harmful, particularly to porous ceramics or polymer

based composite materials, is the necessity of immersing the entire

material structure to be tested in a tank of water or coupling the

transducers to the workpiece using water squirter systems.

Although the couplant allows acoustical energy to propagate into the

test material, it causes several problems in addition to potential

harm to the m_terial. For velocity measurements the coupling

medium can cause transit time errors on the order of one percent of

the measured values. Due to partial transmission and partial

reflection of the ultrasonic energy in the couplant layer, there may

be a change of shape of the waveform which can further affect

velocity measurement accuracy. This can also lead to serious errors

in absolute attenuation measurements of up to twenty percent of the
measured values. This latter fact is the reason that so few reliable

absolute measurements of attenuation are reported in the scientific

literature. The requirement of physical contact between transducer

and test structure places limitations on ultrasonic testing in

structural configttrations which possess geometries with difficult to

reach areas. Limitations are also placed on the testing of materials at

elevated temperatures or in the environment of outer space.

It is also important to note that the character of the

piezoelectric transducer itself exerts a major influence on the

components of the ultrasonic signal, since conventional transducers

do not respond as a simple vibrating piston and have their own

frequency, amplitude, and directional response. In addition, they

"ring" at their resonance frequency and it is extremely difficult to

distinguish bet_,een the amplitude excursions caused by this
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"ringing" and the amplitude variations actually characteristic of the
ultrasonic signal. They are also limited in their frequency response
and, since they are in contact with the surface of the material to be
tested, they can load this surface and thereby modify the ultrasonic
wave itself.

Non-Contact Transducers

Because of the limitations of contact transducers, a method of

non-contact generation and detection of ultrasound is of great

practical importance. Several such techniques are presently

available in various stages of development, namely capacitive

pick-ups, electromagnetic acoustic transducers (EMAT'S), and laser

beam optical generators and detectors, However, as the name

implies, capacitive pick-ups cannot be used as ultrasonic generators

and, even when used as detectors, the air gap required between the

pick-up and test structure surface is extremely small, which in

essence causes the device to be very nearly a contact one. EMATs, on

the other hand, have already been successfully used for material

defect characterization particularly in metal bars, tubes, pipes, and

plates. They have also been used for metallic property measurement

such as material anisotropy (texture) and internal stress (strain)

state. One major problem with EMATs is that the efficiency of

ultrasound generation and detection rapidly decreases with lift-off

distance between the EMAT face and the surface of the test object, as

well as with increasing temperature of the test material. They can

obviously only be used for examination of electrically conducting

materials and, therefore, cannot be used for examination of

non-conducting ceramics and composites. Laser beam ultrasound

generation and detection overcomes all of these problems and

affords the opportunity to make truly non-contact ultrasonic

measurements in both electrically conducting and non-conducting

materials, in m_tterials at elevated temperatures, in corrosive and

other hostile environments, in geometrically difficult to reach

locations, in outer space, and do all of this at relatively large

distances, i.e. meters, from the test object surface.
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LASER ULTRASOUND GENERATION

As early as 1963, White [3] reported the generation of elastic

waves in solid material by transient surface heating and research has

continued in this area up to the present time [4-14]. Three different

mechanisms have been proposed to account for the generation of

ultrasonic waves by the impact of laser pulses, namely radiation

pressure, ablation, and thermoelasticity. Radiation pressure, which is

caused by momentum transfer from the incident electromagnetic

pulse, is the least efficient of the three proposed mechanisms and is

therefore of little importance for practical applications.

At the other extreme, when a laser pulse possessing sufficient

power density strikes the surface of a material the electromagnetic

radiation is absorbed in a very thin layer of the material and

vaporizes it. Th,_ amplitude of the ultrasonic wave generated in the

material by this ablation process can often be increased by placing a

coating of a material possessing different thermal properties on the

surface of the test object. The use of a constraining layer may yield

larger amplitude signals at certain detection sites without causing

damage to the material being tested.

Although the surface of the test object is slightly damaged

when ablation occurs, in certain cases the amount of damage is

acceptable when such a generation process is the only way to obtain

ultrasonic waves of sufficient amplitude in a non-contact manner.

Stresses normal to the surface are set up resulting from momentum

transfer when al:.lation occurs. At very high laser power densities,

the stresses caused by the momentum transfer when ablation occurs

may become quiEe large and may greatly affect the ultrasonic waves

which are generated, whereas for lower ablating powers, momentum

transfer plays a smaller role in the generation of ultrasonic waves,
and the thermoelastic mechanisms dominate. For nondestructive

evaluation, one would want to remain in the thermoelastic regime in
order to avoid raaterial ablation.

The thermoelastic process consists of absorption of radiation

from a laser pulse possessing moderate energy in a finite depth of

the material ur_der investigation. As radiation is absorbed, the

material heats up and expands. This expansion and subsequent

contraction of the material in the area excited by the laser pulse

leads to the generation of elastic waves in the material. Thus, the
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thermoelastic process is the only process which is truly
nondestructive and still capable of generating an ultrasonic wave of
sufficient amplitude for nondestructive evaluation purposes.

The ultrasonic waves generated by a laser pulse depend
heavily on the a_,sorption coefficient of the material with respect to
the wavelength o1' the radiation .from the source laser. A material
with a low absorption coefficient will have a larger interaction
volume with the radiation than a material with a high absorption
coefficient. Thus the interaction volume for a material with a very
high absorption coefficient would resemble a disk, while a material
with a very low absorption coefficient would have an interaction
volume which is more like a cylinder.

Thermoelastic generation at a free Surface of a solid material
results from pre.,;sure release at the surface. The major stresses
which are set up because of the laser pulse and subsequent thermal
expansion of the material are parallel to the surface, and thus most
of the ultrasonic energy propagates radially from the area of laser
excitation.

Generation at a constrained surface can lead to an increase in
ultrasonic energy propagating normal to the material surface. By
constraining the surface, stresses normal to the surface are set up. If
the constraining layer is a thin layer of oil or other similar substance,
stresses normal to the surface are set up resulting from momentum
transfer if the constraining layer evaporates. A rigid constraining
layer will lead to large stresses which are set up normal to the
surface due to thermal expansion since the constraining layer leads
to a reduction in stress release at the surface of the material.

One factor which may lead to an increase in the use of laser
generation deals with the frequencies of the ultrasound which are
generated by la,;er pulses. The ultrasound generated by lasers is
generally quite broad band in frequency content, and the energy
may be propagated predominantly in certain directions because of
the conditions _t the surface of the material. By narrowing the
bandwidth of the laser generated ultrasound, detection devices with
bandwidth dependent sensitivities such as laser interferometers will
benefit greatly. Several papers dealing with narrowing the

bandwidth of laser generated ultrasound have been presented

[15,16]. Also since specific frequencies are used in certain
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applications, the ability to generate those frequencies using lasers
would greatly enhance the usefulness of this source of ultrasound.

The use of lasers to generate ultrasound in a material can
therefore be seen to differ from the use of piezoelectric transducers
in several important ways. Lasers are non-contact and thus
problems associated with contact transducers, such as contact
pressure and other coupling problems, are eliminated. This allows
testing on surfaces hostile or inaccessible to piezoelectric or other
contact transducers. The laser used to generate the ultrasound may
be placed at a considerable distance from the material to be tested.
Laser generation is usually broader band in frequency content, and
the resulting waves will depend largely on the characteristics of the
material and the conditions of the surface of the material.



LASER INTERFEROMETRIC DETECTION OF ULTRASOUND

Initial work with laser generation of ultrasound was performed

using piezoelectric transducers as detectors since the various

investigators had prior experience with this type of transducer and

associated electronic equipment. More recently a number of

investigators have used laser beam interferometers for non-contact
detection of acoustic emission and ultrasonic waves in solid materials

[17-22]. Non-contact detectors of ultrasound such as laser

interferometers offer several advantages over contact transducers

such as piezoelectric transducers.

First of all, since only a light beam contacts the surface of the

material being te_ted, contact pressure can be neglected and thus

the surface will not be loaded. The problem of contact pressure

associated with the use of piezoelectric transducers is therefore

eliminated. Since no mechanical contact is required for the

interferometer to detect the displacement of a material surface, there

is no need for the use of a coupling medium, and all of the problems

associated with t'ae use of coupling media are eliminated. This is

important since the detector is always looking directly at the surface

being tested, ard not detecting a waveform which is arriving

indirectly from the material surface via some coupling medium.

There is also th,_- possibility of sending the probe beam through a

transparent material in order to probe inside the transparent

material as well as a surface which is behind the transparent

material.

Interferometers may also be used to detect ultrasound on

surfaces which are hostile to piezoelectric transducers, such as

surfaces which are at elevated temperatures or in corrosive

environments. The interferometer may also be placed at a

considerable distance from the material to be tested since only the

probe beam needs to contact the surface of the material, and thus the

interferometer may be shielded from possible hostile environments

near the testing site.

The area cf the probe beam of the laser interferometer may be

varied using focussing optics. The probe beam may be focussed

down to a spot several microns in diameter which may be

advantageous in certain applications. Focussing down to a small spot

eliminates phase effects associated with piezoelectric transducers
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that have large active detection areas. The waveform obtained from
an interferometer which has been focussed down to a small spot is
therefore a recor.J of the displacement of that small area of the
material surface, and not of some large area which may be larger
than the wavelength of the ultrasound which is propagating through
the material. Th_ small area of the probe beam may also make it
possible to use :interferometers in areas inaccessible to large area
piezoelectric transducers such as in cavities and near material edges.
Detection of ultrasound on curved surfaces is also possible when
using a laser interferometer having a small area probe beam.

Another major advantage in using laser interferometers
instead of piezoelectric transducers for the detection of ultrasound is
that laser interferometers are free of the mechanical resonances
which affect the response of many piezoelectric transducers. This
absence of mechanical resonance enables the interferometer to be
equally sensitive to all components over a broad frequency band.
Since there is no coloring by the interferometer, the waveform
received reflects the true displacement of the surface of the material
over the time of the waveform.

Yet another advantage in using a laser interferometer involves
the fact that the amplitude of the surface displacement can be
determined from the output waveform. By measuring the peak-to-
peak voltage for a full-fringe displacement, the fractional fringe
displacement resulting from the ultrasound can be found, and since
the wavelength cf the light is known, the amplitude of the surface
displacement can be calculated. Since the interferometer is equally
sensitive to all of the frequencies in its bandwidth, all displacements
can be determined.

There are, however, several important disadvantages
associated with the use of laser interferometers for the detection of
ultrasound. The sensitivity of the interferometer is strongly
dependent on the amount of light which comes back from the
material surface. The material surface must be capable of reflecting
a sufficient amount of laser light back to the interferometer to match
the intensity of the laser light in the reference beam. The material
surface must therefore be reflective and fairly smooth in order to
allow the interferometer to approach its maximum sensitivity.
However, even with a finely polished, highly reflective surface, the
sensitivity of currently available interferometers is usually not as
high as that of piezoelectric transducers. Many interferometers are
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also subject to the ambient vibrations in testing areas and may
therefore need some kind of correction circuit in order to separate
the ultrasonic displacements from the signals due to the ambient
vibrations. Also, proper alignment of the interferometer with the
surface to be tesled may be difficult to attain and may be easily
destroyed.

11



NONDESTRUCTIVE EVALUATION OF COMPOSITES

The term composite covers a wide variety of materials,

including boron/epoxy, glass/epoxy, graphite/epoxy, Kevlar/epoxy,
and silicon carbide fiber reinforced silicon carbide matrix.

Nondestructive e_,aluation of composite materials is appreciably

more complex than nondestructive evaluation of monolithic metals

and ceramics primarily because of the types of defects causing
failure of each material. In metallic and ceramic materials the

predominant failure causing flaws are cracks and those

discontinuities which may lead to crack initiation and growth. In

composites, the material integrity may be adversely affected by

improper cure, inclusions, voids, porosity, environmental

degradation, machining damage, impact damage and fretting. A

number of nondestructive evaluation techniques which have been

well-developed for use with other materials have also been

successfully used to monitor composites. In addition, some

techniques uniquely applicable to particular composites have shown

promise. A number of review articles have been published

concerned with n_ndestructive evaluation of composites [23-41].

Ultrasonic techniques have been used much more than any

other nondestructive method to investigate composite materials.

Among these ultrasonic techniques pulse-echo or pulse-transmission

procedures have been used most often in the conventional contact,

water immersion or water squirter modes to measure velocity and

attenuation and thereby determine the associated mechanical

properties. These techniques have been used to detect voids

[38,42,45-50,60], inclusions [50.51,62,63], disbonds [28,50], cracks

[39,53,59], delaminations [34,38,48,50,60], cure [43], lay-up order

[52], fatigue life [53], fiber orientation [50], residual strength

[23,34,44,54-58,64], and resin-starved areas [30,61].

In additio_a to ultrasonics, attention has been given to

radiography, thermal techniques, electrical measurements, acoustic

emission, optical fibers, visual inspection, dye penetrants, tap testing,

and vibrational methods. Although most of the radiographic

techniques performed to date have been with x-rays, neutron

radiography has also been used successfully. Since many composites

are low absorber_; of x-rays, it is necessary to work with low energy

radiation in the 10 -50kV range obtained with a beryllium window

x-ray tube. Most modern techniques which are striving for high
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resolution images apply microfocus x-ray machines, which possess an
extremely small focal spot, and a long source to film distance. The
types of defects detectable with x-ray radiography are porosity,
inclusions, voids, and properly oriented cracks and delaminations.
Addition of x-ray opaque liquid, which penetrates into the defects,
increases the p)obability of detection of cracks, delaminations,
fatigue damage, fiber breakage, and matrix crazing.

Since many composite materials are either entirely or partially
composed of polymers, they possess much lower thermal
conductivity than metals and consequently any temperature
distribution created in such a composite will be relatively easily
detected on the surface of the specimen. Thermographic techniques

are both passive and active. Passive techniques are those in which

heat is supplied so the surface of the test specimen from an external

source, such as a hot plate, a heat gun, or an intense light, and defects

in the specimen are indicated by changes in the observed

temperature differences of the test specimen surface. Passive

thermographic techniques have been successfully used to detect

debonds, delaminations, porosity, and voids. Active techniques are

those in which heat is generated by application of mechanical

vibration to the test specimen and conversion of this mechanical

vibration into heat by frictional processes at the defects. These

techniques hav_ successfully detected cracks, debonds, and
delaminations.

Dielectric and eddy current measurements are the primary

electrical techniques used to nondestructively inspect composite

materials. Dielectric techniques, which are limited to use with

electrically insulating materials, have been primarily used to monitor

the curing of glass and polymer based composites. Eddy current

techniques have been primarily used with graphite fiber and metal

matrix composites, since this technique requires the composite to be
an electrical corductor.

Acoustic emission has been used successfully to monitor the

creation and enlargement of defects in composite materials.

Although generally categorized as a nondestructive testing technique,

acoustic emissio:a testing is not totally nondestructive, since the test

structure must be subjected to either an external mechanical or

thermal load in order to observe the acoustic emission signals. The
acoustic emissions detected result from a sudden release of elastic

energy due to relieving of this externally applied load by either

13



creation or movement of the defects. Acoustic emission techniques
have been successfully used to detect debonding, fracture of fibers,
and fiber pull-oul:. The ultimate success of this technique often
depends on the validity of what is known as the Kaiser Effect, in
which no acoustic emissions are observed on a previously loaded
structure until that load level is reached which exceeds the load
applied to the te_t structure during the immediately preceding test
period.

An optical fiber interferometric technique has been used to
inspect graphite fiber reinforced composites by measuring fringe
shifts caused by dimensional changes in the optical fibers. This
technique requires an optical fiber being embedded in the composite
material and an identical fiber being isolated from the test specimen.
Strains present in the structure cause a change in the embedded
optical fibers dimension. Comparison of the light passing through the
strained embedded fiber with that passing through the strain-free
isolated fiber results in a measurable phase shift, which can be
related to the strain difference in the fibers by appropriate
calibration procedures. A different technique involving optical fibers
is to embed one of more rectangular grids of optical fibers in the
composite test structure. By choosing the fibers used so that their
failure load is as close as possible to the failure load of the fibers in
the composite test structure, the optical fibers will fracture at the
same load level as the fibers in the composite. The optical fiber
breakage is monitored by observing the lack of transmission of light
through it. The intersection of the orthogonal broken fibers in the
rectangular grid locates the damaged region. The unique feature of
these optical fiber techniques for nondestructive testing is that the
monitoring devices, the optical fibers, are an integral part of the
structure, thus resulting in a built-in sensor array.

The visual techniques utilize transmission or reflection of light.
For translucent materials variations in the intensity of transmitted
light serves as art indication of internal structural alterations. In the
case of opaque cc,mposites, light is incident at an oblique angle on the
surface to be in:_pected and the presence of surface discontinuities
are enhanced when subsequently viewed from normal and oblique
angles. This technique has been used to detect matrix cracking,
surface delaminations, gouges, dents, and abrasive wear.

Conventional liquid dye penetrant inspection is often used to

inspect composites, particularly where it is necessary to inspect large
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areas rapidly. This technique has been used to detect cracks and
other surface discontinuities such as edge delaminations and
porosity.

Tap testing is somewhat of a classical technique which requires
application by a person experienced with the technique. This
technique uses a special tapping hammer, coin, or o.ther metallic
object to lightly lap the test structure. Alterations in the composite

structure are detected as changes in the audible sounds by the

inspector. Delaminations, resin softening, and internal damage have

been detected by this technique.

Vibrational techniques are based on monitoring the lowest

natural resonance frequency of the composite test specimen. The

state of damage is reportedly detected as a change in this natural

frequency due to a reduction in the stiffness caused by local defects.

Among the types of damage reportedly determined are crushing, j,

three-point bend loading damage, cuts, impact damage, and holes.

This technique, although potentially promising, has not been

extensively investigated and the test results have not been

sufficiently substantiated.
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ACOUSTO-ULTRASONICS

As early as 1975, Vary [65,66] showed the feasibility of
ranking material fracture toughness by ultrasonic attenuation
measurements. Hie and his colleagues presented additional empirical
evidence for the close relation, that exists between ultrasonic velocity
and attenuation values and the mechanical properties of composite
materials [67-71], and between ultrasonic attenuation values and
fracture toughness properties of metals, ceramics, and composites
[72-74]. The model he suggested, as a theoretical basis for the
empirically related correlations that were found between ultrasonic
propagation and fracture toughness properties of metallic materials,
was based on stzess (elastic) wave interactions during microcracking
and void coalescence [75]. In subsequent publications these concepts
were further expanded upon and new experimental evidence for
their validity wa:_ presented [76-88].

Based on the results of the previously referenced authors, the
acousto-ultrasonic method has attributes that make it practical for
assessing mechanical properties of highly inhomogeneous, anisotropic
materials. The acousto-ultrasonic method, also referred to as the
stress wave factor method or technique, is a modification of the
ultrasonic pulse-echo method, but differs from it in several
important aspects. First, in its original form, two transducers
possessing different frequency characteristics were used. The
generator transducer was a conventional ultrasonic transducer
operating typically in the 1 - 10 MHz regime, while the receiver
transducer was typically a conventional acoustic emission transducer
operating in the 100 - 150 kHz regime. Acousto-ultrasonic tests are
now run with various types of transducers and the receiving
transducers used are no longer limited to the 100-150 kHz regime.
The choice of frequency regime is often determined by the geometry
and type of sample being tested. Second, the transducers are
coupled to the :_ame surface of the test material in such a manner
that the receiving transducer cannot receive a direct set of pulses
from the generating transducer. In a few examples, through
transmission has been reported, but the majority of acousto-
ultrasonic tests are run with both the generating and receiving
transducers coupled to the same side of the material which is under
test. Third, the received signals are considerably more complex than
those normally obtained with conventional pulse-echo testing and,
therefore, requir,_ more elaborate electronic processing.
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Analysis of acousto-ultrasonic signals is accomplished by
measurement of tile Stress Wave Factor (SWF). The SWF may be
measured in several ways in order to assign a numerical value to the
acousto-ultrasonic waveform. For example, the SWF may be
evaluated in a similar fashion as is done in normal acoustic emission
signal analysis, namely as either a "ringdown" oscillation count or as
the root-mean-square (RMS) voltage of the output waveform. In the
frequency domain, the SWF may be evaluated in terms of the power
spectrum or spectral features that change with material factors.

Although it was originally applied to composite materials, the
acousto-ultrasonic technique has since been used on various non-
engineered materials, including wood products [89-91], and bone

[92], as well as wire rope [90], nylon rope [93], and glass ceramics

[94]. The use of the acousto-ultrasonic technique for the

nondestructive evaluation of adhesive bonds has been reported by a

number of investigators [90,95-97]. Several authors [85-88,98,99]

have written critical assessments of the acousto-ultrasonic technique

as a nondestructive evaluation technique for composite materials

citing concerns which must be closely watched. Of major concern has

been the reproducibility of the test conditions, and the effects of the

test equipment.

In a series of reports [85-88], researchers at Virginia

Polytechnic Institute and State University related their study of the

acousto-ultrasonic technique for the characterization of composite

materials. The reports, spanning from 1983 to 1989, show the

evolution of the acousto-ultrasonic technique. In the early reports,
an AET 206 AU unit was used to run the acousto-ultrasonic tests.

The AET 206 AU is a commercial acousto-ultrasonic unit which gives

a value for the SWF. In later reports, the AET 206 AU unit was no

longer used, and various piezoelectric transducers with differing

characteristics were used. The researchers also discussed the

feasibility of using a Nd:YAG laser to generate the acoustic events for

acousto-ultrasonic tests, while citing the need for non-contact

generation and detection in the acousto-ultrasonic technique for

certain applications.

The acousto-ultrasonic technique has been used by many

authors for the detection of damage and damage development in

composites [100-105]. It has also been used to monitor the

manufacture of composites for quality control [104], and it has been
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used for the prediction of damage development in composite
materials [106]. Acousto-ultrasonics has been used to assess crack
density in composite materials _[107].

Phani et al. [108] found the SWF to be a sensitive indicator of
strength and porosity for a porous brittle solid such as gypsum. De
and Phani [94 ] found acousto-ultrasonics to be sensitive for
monitoring nucleation and crystallization in glass-ceramic systems.
Dos Reis and McFarland [89] used acousto-ultrasonics to characterize
wood fiber hardboards which were subjected to cyclic soak tests; the
SWF was found t3 decrease with increasing damage. Dos Reis and
Kautz [109] applied acousto-ultrasonics in the nondestructive
evaluation of adhesive bond strength in rubber-steel adhesive joints,
and found that higher SWF values were obtained from bonds with
higher values of peel strength obtained in destructive peel strength
tests. Brahma and Murthy [110] used acousto-ultrasonics in the
evaluation of bimetallic strip bond quality using a through
transmission set-up. Kiernan and Duke [111] monitored the
anisotropy of fiber-reinforced composite plates as a function of
azimuthal angles using acousto-ultrasonics. Kautz [112] investigated
the strength of filament wound composite materials through the use
of the acousto-ullrasonic technique.

Kautz [113] reported on the use of a pulsed laser to generate
ultrasound in composite materials using an acousto-ultrasonic test
set-up. He used a pulsed Nd:YAG laser to generate ultrasound in a
neat resin, as well as in graphite fiber/polymer composite specimens,
and detected the ultrasound with a 1 MHz broad band piezoelectric
transducer. He also investigated the damage to the specimens at
various Nd:YAG energy levels, and he concluded that the signal levels
received by the piezoelectric transducer receiver resulting from laser
excitation at erergies well below the damage threshold were
comparable to the signal levels from waveforms which were
generated using piezoelectric transducers.

Sarrafzadeh-Khoee and Duke [114] showing the need for a non-
contact detector of ultrasound used a blazed grating Michaelson-type
interferometer as an optical detector to detect a piezoelectric
transducer generated signal on composite materials which were
mirrorized at the laser detection site. In a later report, Sarrafzadeh-
Khoee et al. [115] reported the design of a new interferometric
detector based ort laser speckle. In the most recent report, Duke et
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al. [116] asked a number of questions about laser generation and
detection of ultra sound.

A number of papers have been published by researchers in the
Johns Hopkins University Center for Nondestructive Evaluation
already answerini_, these questions [11,12,15-19,22,117-128].

In the pre,;ent report the use of laser systems for both the
generation and detection of acousto-ultrasonic signals is presented
for the first time. A laser acousto-ultrasonic test set-up was
employed on several composite samples in order to obtain
waveforms from this type of experimental set-up, and thereby show
the feasibility of using lasers in the acousto-ultrasonic technique for
both the gener:ttion and detection of ultrasound in materials
including compo,_ites.
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EXPERIMENTAL APPARATUS

In(erfer0meters

Two interferometers were constructed and used to obtain the

waveforms reproduced in this report. One of them was a bulk-optic

path-stabilized i:aterferometer and the other was a fiber-optic

heterodyne interferometer. Figure 1 is a block diagram of the basic

configuration for the bulk-optic path-stabilized interferometer. The

beam from a helium-neon laser is directed through a beam splitter

cube, which splits the incident light into two perpendicular paths.

One path is the r,_ference path and the light in this path is directed to

a reference mirror. This light is then reflected by the mirror back

through the beam splitter cube to the photo-detector. The second

light path is the probe path and the light in this path passes through

the beam splitter to the surface of the material to be tested. The

light reflected fr,gm the surface of the material passes back to the

beam splitter where it is directed to the photodetector. Interference

of the light frora the two paths at the photodetector produces the

output signal from the interferometer. As with most

interferometers, this interferometer is subject to the ambient

vibrations of the test site. Therefore, an electronic correction circuit

is used to correc: for this. The signal from the photodetector is sent

through a low l:ass frequency filter, the output signal of which is

used to drive a piezoelectric element attached to the reference

mirror. The movement of this mirror removes the low frequencies

resulting from tl'Le ambient vibrations leaving a signal corresponding

to the surface displacements of the material due to the ultrasound

travelling through it.
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Figure 1. Basic configuration of bulk-optic path-stabilized

interferometer.
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Figure 2 is a block diagram of the basic configuration of the
fiber-optic heterodyne interferometer. A helium-neon laser beam is
passed through an acousto-optic modulator, which shifts the
frequency of the light such that several orders of light are obtained
shifted in frequency by integral numbers of the driving frequency of
the acousto-optic modulator. For the interferometer, the. zero and
first order beams are used. The zero order is unshifted, while the
first order is shifted by the drive frequency of the acousto-optic
modulator. The interferometer used in the present work employed a
first order beam shifted by a frequency of 40 MHz from the zero
order beam. The intensities of the light in the two orders was
maximized in order to maximize the sensitivity of the interferometer.

22



LENS

LASER

• COUPLER

I

I

ACOUSTO-OPTIC DETE( ;TOR
MODULATOR

I i

I I

,, PRISM

POLARIZATION

ADJUSTER

Figure 2. BasLc configuration of fiber-optic heterodyne interferometer
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The zero a_ld first order beams are then directed into two

single mode optical fibers, which lead to two optical paths; a

reference path and a probe path. A fiber-optic coupler is used to

couple the light to and from the two different paths so that

interference of the light from the two paths may occur. Light from

the two paths is directed to a photodetector.

When there is no out of plane displacement of the surface

which is being probed, the photodetector yields a signal which is at

the difference frequency of the two orders of light, namely the drive

frequency of the acousto-optic modulator. When there is out of

plane displacement of the surface which is being probed, the path

length of the probe arm of the interferometer is effectively changed,

and this change i3a path length results in a phase shift of the light at

the detector. The signal received from the photodetector thus has

the information concerning the displacement of the surface as well as

the frequency difference of the two orders of light from the two

paths of the interferometer. Therefore, in order to obtain the

information corresponding to the surface displacement due to the

ultrasonic wave without the frequency components caused by the

shift from the acousto-optic modulator, electronic processing of the

signal must be implemented. This electronic processing involves the

use of an electro_aic mixer to mix out the frequency shift imposed by

the acousto-optic modulator. Control electronics are also used to

eliminate noise in the signal which result from ambient vibrations.

There are several advantages in using optical fibers in the

design of the in_:erferometer. First of all, it is more convenient to

match the path lengths of the two arms of the interferometer using

optical fiber since the fiber can be bundled up. This can also make

the over-all size of the interferometer more compact. Also, fiber is

flexible and affcrds the possibility of having a small remote probe

head which can be manipulated in various positions quite easily.

This facilitates the scanning of a material surface by moving only

the probe heac, and not the entire interferometer. Another

advantage of using optical fibers is that the light travelling through

the fibers is les:_ sensitive to the temperature and pressure gradients

at the testing site, which change the index of refraction of the air in

the optical paths,

There are, however, several disadvantages in using optical

fibers in the construction of a laser interferometer. One major
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disadvantage in u:_ing optical fibers is that the sensitivity of a fiber-
optic interferometer may be less than that of a bulk system which
employs a laser with the same power. The reason for this concerns
the problem of coupling the laser light into the optical fibers. Light is
lost in the coupling process which leads to a decrease in the amount
of light falling on the photo-detector and a corresponding decrease in
the maximum sensitivity of the interferometer. Another
consideration is the need to maintain the integrity of the fiber ends
in order to maximize the coupling of light to and from the fibers.
This includes the proper cleaving and care in handling. Since twists
and turns in the fibers can lead to changes in the direction of
polarization of the light propagating through them, a polarization
adjuster is used in one arm of the fiber-optic heterodyne
interferometer used in the present work. This polarization adjuster
allows the direction of polarization of the light travelling through one
of the two fib,_rs to be changed and thereby matched to the
polarization of the light in the other fiber, and thus yield an increase
in sensitivity. The polarization adjuster is manipulated until the
carrier signal, corresponding to the difference frequency of 40 MHz,
is maximized at the detector.

Control Electroni:s

The control electronics of the heterodyne fiber-optic

interferometer implements a feedback system in the form of a

phase-locked locp in order to eliminate frequencies resulting from

room vibrations and other low frequency components which are not

caused by the ultrasound propagating through the specimen. A block

diagram of the phase-locked loop electronics is shown in Figure 3. A

voltage controlled oscillator with a center frequency equal to the

drive frequency of the acousto-optic modulator is used. This

oscillator outputs a sine wave at its center frequency, but the output

frequency can be changed by adjusting its voltage control input. The

outputs of the voltage controlled oscillator and the photodetector are

input into an electronic mixer, the output of which yields the

difference of the two input signals. The mixer output is sent through

a low pass filter and the resultant signal is used to drive the voltage

controlled oscillator, thereby giving the interferometer its active

feedback to eliminate unwanted low frequency components. The

cut-off frequency of the low pass filter is on the order of a few

kilohertz. This value is high enough to eliminate the low frequencies

caused by room vibrations, yet low enough so that it will not affect
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the ultrasonic regime of frequencies which are being used to test the
material. The w_ltage controlled oscillator is capable of frequency
excursions of a few kilohertz around its center frequency in order
that these low frequencies can be tracked and processed out of the

signal.
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Figure 3. Block diagram of phase-locked loop control electronics.
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The output of the mixer is also the output signal of the
interferometer. Since the fiber-optic heterodyne interferometer
employed an acousto-optic modulator with a drive frequency of 40
MHz, the output of the interferometer has a bandwidth of
approximately 20 MHz. The use of a low pass filter on this output
increases the signal to noise ratio by reducing the effective
bandwidth. If the frequency of the ultrasound travelling through the
material being te_ted is of a known narrow band of frequencies, a
band pass filter _vith a narrow bandwidth centered at the frequency
of the ultrasound may be used, and the sensitivity of the
interferometer will be greatly enhanced over its broad band
sensitivity.

Waveform Recording

The data _vas captured using a Data Precision Data 6000

waveform analyzer capable of sampling as fast as 10 ns per data

point. The wa_,eforms were stored on floppy disk and analyzed

using the Data 6000, or a PC. A Kigre model MK-367 pulsed Nd:YAG

laser was used for laser generation of ultrasound. This laser hasa

maximum pulse energy of 17 mJ per pulse, a 4 ns pulse duration,

and a 3 mm beam diameter. The MK-367 is air cooled and the laser

head is 100 mm long. The compact size of the MK-367 laser made it

extremely convenient to use. A PIN diode was used to generate a

trigger signal for the laser generated waveforms. The PIN diode

detected the laser pulse and the resulting signal from the PIN diode

was sent to the waveform analyzer to start the waveform recording.

This allowed time-of-flight measurements to be made.

Photographs of Laser Generation/Detection Apparatus

Figures 4 and 5 are photographs showing the laser

generation/detection ultrasonic test set-up using the Kigre Nd:YAG

pulsed laser to generate the ultrasound and the heterodyne fiber-

optic interferometer for detection. The interferometer is shown with

(Figure 4) and without its cover (Figure 5). On the right in the

foreground, the probe of the interferometer is shown, and the pulsed

laser is on the left. The dimensions of the interferometer optics with

the cover on are: 18 3/8 inches (46.6 cm) long, 7 5/8 inches (19.4

cm) wide, and 5 1/4 inches (13.2 cm) high. Figure 6 is a photo of the

compact pulsed laser generator and fiber-optic heterodyne
interferometer cetector used in the acousto-ultrasonic mode. A
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close-up view of the graphite/epoxy acousto-ultrasonic test specimen
is shown in Figure 7. This state-of-the-art laser based acousto-
ultrasonic system, incorporating a compact pulsed laser and a fiber-
optic heterodyne interferometer, was delivered to the NASA Lewis

Research Center along with this final report.
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Figure 4. Photograph of compact pulsed laser generator and

fiber-optic heterodyne interferometer detector

used in ultrasonic transmission mode.
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Figure 5. Photograph of fiber-optic heterodyne
interferometer detector with cover removed.
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Figure 6. Photograph of compact pulsed laser generator and

fiber-optic heterodyne interferometer detector

used in acousto-ultrasonic mode.
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Figure 7. Close-up view of graphite/epoxy acousto-ultrasonic

_:est specimen.
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EXPERIMENTAL TESTS AND RESULTS

The data for this report was obtained in a series of tests.

of the test series consisted of a different test set-up.

Each

Detection of Acoustic Emission Event

In order to check out the original design of the interferometer,

tests were made of the surface displacements detected on the same

surface of an altminum test block on which a glass capillary tube

was broken. Figure 8 is a diagram of the experimental set-up for

this test. A glass; capillary was broken on a three inch (76mm) thick

aluminum block in such a fashion to simulate an acoustic emission

event. The capillaries used had an inner diameter of 0.7mm and an

outer diameter of 1.0mm. Each capillary was broken by screwing

down a tapered brass indentor on the capillary lying on top of the
aluminum block. A piezoelectric disc contained within the brass

loading device was used to detect the instant of fracture of the glass

capillary and thereby to trigger the data acquisition device to start

the recording of the interferometrically detected surface
displacement.
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Figure 8. Experimental arrangement for acoustic emission test.
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Figure 9 shows the theoretically computed vertical surface

displacement ve_-sus time record for a step-function time

dependence point: source load applied to the surface of a

homogeneous isotropic linear elastic half-space (129). The

longitudinal, shear and Rayleigh surface waves are all indicated.

Figure 10 shows the experimentally measured vertical surface

displacement ver:;us time record detected with the fiber-optic

heterodyne interferometer. The sharp spike characteristic of

Rayleigh wave arrival is clearly evident as are the other features

predicted theoretically. The second sharp spike is the result of

Rayleigh wave reflections from the bounding surfaces of the

aluminum test block. The waveform reproduced in Figure 9 has

been inverted since the experiment was a step-function time

dependence point source unloading one, while the theoretical

calculation was performed for the loading case. Since acousto-

ultrasonic waves are quite similar to acoustic emission signals, this

experiment proved the capability of the fiber-optic heterodyne

interferometer to :reliably record such waveforms.
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Figure 9. Theoretically predicted vertical surface displacement

versus time record for a step-function time

dependence point source load applied to the surface

of a homogeneous isotropic linear elastic half-space.
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displacement versus time record detected with the
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Detection of Piezoelectric Transducer Generated Ultrasonic Waves

In order to assure that the fiber-optic heterodyne

interferometer was capable of detecting the high frequency waves

normally encountered in ultrasonic nondestructive evaluation

applications tests were run with piezoelectric transducers as

ultrasonic wave generators and the fiber-optic heterodyne

interferometer as detector. Figure 11 shows the experimental

arrangement of ¢,ne such test to detect ultrasonic pulses generated

from a 5MHz piezoelectric transducer coupled to the bottom of a 3

inch thick 2024 T4 aluminum block. Figure 12 shows the ultrasonic

waveform detected using the experimental arrangement shown in

Figure 11, while Figure 13 shows a longer time record of the same

waveform. The Fast Fourier Transform Of the 5 MHz piezoelectric

generated interferometer detected pulse shown in Figures 12 and 13

is shown in Figure 14. This result clearly shows that the fiber-optic

heterodyne interferometer is capable of faithfully detecting MHz

frequency waves.
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Figure 11. Schematic diagram of experimental arrangement used

to detect ultrasonic pulses generated from a 5 MHz

piezoelectric transducer coupled to the bottom of a 3

inca thick 2024 T4 aluminum block.
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Laser GeneratiQn/I)etection of Ultrasound

The Kigre Nd:YAG pulsed laser was used to generate ultrasonic

waves on one side of a 40 mil (1 mm) thick brass plate and the path-

stabilized laser interferometer was used to detect the resulting
waveforms 1 3/16 in (30mm) away from the epicenter on the other

side of the plate. Figure 15 is a schematic of the experimental

arrangement used for pulsed laser generation and path-stabilized

interferometer detection of ultrasonic waves passing through a brass

plate. The test was then repeated using a 2.25 MHz longitudinal

mode piezoelectric transducer as the detector for comparison of

recorded waveforms with those obtained using the laser

interferometer. The piezoelectric transducer was centered at the

same position as the interferometer. Figure 16 is the laser

interferometer detected waveform and Figure 17 is the piezoelectric

transducer detected waveform. The waveform obtained using the

interferometer clearly shows the symmetric and asymmetric Lamb

modes which ar_ generated in the plate, while the waveform

detected with the piezoelectric transducer does not. This clearly

shows that the l_ser interferometer is capable of detecting a broad
band of ultrasonic frequencies. Moreover, since the detection is

constant over the frequency band, the output is an accurate record of
the specimen surface displacement.
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Figure 15. S,:hematic of experimental arrangement for pulsed laser

g,_neration and path stabilized interferometer detection of

ultrasonic waves passing through a brass plate.
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Additional experiments were conducted using the Kigre Nd:YAG

pulsed laser to generate ultrasonic waves on one face of a 1.5 in (38

mm) thick block of aluminum. The displacement on the opposite face

due to the propa_,,ating ultrasonic wave was detected using the path-

stabilized laser interferometer. Figure 18 is a schematic of the

experimental arrarLgement for this test. The test was then repeated

using a 2.25 Mtlz longitudinal wave piezoelectric transducer as a

detector for comparison purposes. For these tests two detection sites

were used. One site was on epicenter and the other was off

epicenter: both detection sites on the face opposite the generation

one. A thin coating of black marker ink was put on the surface of the

aluminum block at the generation site in order to increase the

amplitude of the ultrasonic wave. The Nd:YAG laser pulse caused the

marker coating to ablate which led to an increase in the amplitude of
the ultrasound at the detection sites.
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Figure 18. ,Schematic of experimental arrangement for pulsed laser

generation and path-stabilized interferometer detection of

ultrasonic waves passing through an aluminum block
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Calculations for the theoretical surface displacement on the

detecting face of the aluminum block due to the impingement of the

Nd:YAG laser pulse on the opposite side were made using a computer

program supplied by Hsu (130). This program was modified to

convolve the resultant detected waveform with the laser pulse in

order to yield a surface displacement which was more representative

of the actual test _onditions. Figure 19 shows the theoretical surface

displacement for the pulsed laser generated ultrasound in the

aluminum block d_,tected on epicenter. Figure 20 shows the actual

waveform detected by the path-stabilized interferometer on

epicenter. Excellent agreement with the theoretically computed

surface displacem,_nt was obtained with the interferometer. The

longitudinal, shear and reflected longitudinal waves were all

correctly detected. Figure 21 shows the waveform obtained using a

2.25 MHz longitudinal wave piezoelectric transducer to detect the

laser generated ultrasound on epicenter. Although the transducer

was able to detect the longitudinal arrival, it rang upon arrival of the

longitudinal wave_; and the ramping of the surface after the first

longitudinal spike resulting from the shear wave was not detected.
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Figure 19. Theoretical surface displacement for pulsed laser

generated ultrasound in aluminum block detected

an epicenter.

51



1.20

-0 0.80
(D
S

o --

©

0.4-0
L

0
(-

(1..)-0.00
-0

O__

_ 0.4-0

-4

I I I I I I I I I [ I I 1 I I I I I I I I I I t I I I I I j I I l I I I I I I

5.00 10.00 15.00 20.00

Time

Figure 20. Surface displacement for pulsed laser generated

ultrasound in aluminum block detected by path-

slabilized interferometer on epicenter.

52



1.50

1.00

._ 0.50

_- 0.00
0
c-

-0.50
©

Z3
-1.00

0_.

-n.so ,<2

-2.00
0.00

I I I I I i I I J I i t I I t I l I ] i I I I I t I I I ] t l I I i I i I l

5.00 10.00 15.00 20.00

Time (/_s)

Figure 21. Waveform obtained for pulsed laser generated

ultrasound in aluminum block detected by 2.25

MHz piezoelectric transducer on epicenter.
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Figure 22 shows the theoretical surface displacement 7!8 in

(22 mm) off epicenter due to pulsed laser generation on the opposite

surface of the 1.5 in (38mm) aluminum block. Figure 23 shows the

waveform obtained at the 7/8 in (22 mm) off epicenter position

using the path-stzbilized laser interferometer. Once again, excellent

agreement with the theoretical predicted surface displacement is

observed, as the longitudinal mode converted head and reflected

longitudinal wav,_s are clearly detected. Figure 24 shows the

waveform obtained at the same position using the 2.25 MHz

longitudinal wave piezoelectric transducer. As with the test on

epicenter, it is q_Jite clear that the piezoelectric transducer does not

give an accurate record of the displacement of the surface of the

material resulting from the laser pulse incident on the opposite side

of the block. There is ringing in the piezoelectric transducer upon

arrival of the longitudinal waves. In addition, the piezoelectric

transducer record does not show the ramping of the surface and does

not pick up the mode converted head wave properly.
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Laser Acousto-Ultrasoni¢_
?.

A series of experiments were conducted to compare acousto-

ultrasonic waveforms generated and detected by a commercial AET

206 AU instrument, with the waveforms generated by the pulsed

laser and detected with a conical point piezoelectric transducer, and

with the waveforms generated by the pulsed laser and detected with

the fiber-optic heterodyne interferometer. The laser interferometer

was used to detect the surface displacements and then the conical

point piezoelectric transducer was used to detect the displacements

at the same point. In both cases, the generating laser pulse was

incident on the same spot on the specimens and the transducer was

placed at the same location as the interferometer probe beam in

order to keep the source to detector distances at two inches. Figure

25 is a diagram ,;howing the geometrical arrangement for these tests;

the source to detector distance was 2 in (50 mm). In keeping with

the design of the commercial acousto-ultrasonic instrument,

generation and detection of the ultrasonic waveforms was conducted

on the same side of the specimens. The Kigre Nd:YAG pulsed laser

was used to gelaerate ultrasound in the thermoelastic regime in

several composites samples. Either the fiber-optic heterodyne laser

interferometer or the conical point piezoelectric transducer was used

to detect the resulting surface displacements. The conical point

piezoelectric transducer was used because previous work had shown

that it was capable of faithfully reproducing the theoretically

predicted acoustic emission waveforms over a fairly broad band of

frequencies.
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Figure 25. Diagram showing the geometrical arrangement
for acousto-ultrasonic tests
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Three different composite specimens provided by the NASA
Lewis Research Center were tested: a graphite/epoxy 90 degree
laminate, a graphite/epoxy cross-ply, and a filament wound
composite. The geometrical shape and dimensions of these
specimens are shown in Figure 26. In order to increase the
reflectivity at the point of detection on the black specimens, 3M
silver polyester film tape was stuck to the specimens at the detection
sites. The silver lape was also left on the specimens when the conical
point piezoelectric transducer detector was used in order to maintain
the same test conditions for the two detectors. The silver tape serves
to increase the reflectivity of specimens and thereby increase the
detection sensitivity of optical interferometers when probing poorly
reflecting material surfaces.
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Figure 26. Geometric shape and dimensions

of acousto-ultrasonic specimens
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Figure 27 shows the pulsed laser generated fiber-optic
heterodyne lasel interferometer detected waveform for the
graphite/epoxy 90 degree laminate specimen. Figure 28 shows the
conical point piezoelectric transducer detected waveform for the
same specimen. This specimen was quite thin (0.054 in, 1.1 mm)
and, as is well k',aown, the geometry of the specimen plays a major
role in the type of waves which will propagate through it. The
interferometer detected waveform shows that an asymmetric mode
Lamb wave was. generated in this specimen. However, the
piezoelectric transducer detected waveform does not show that a
plate wave is propagating through this thin material.
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Figure 27. Pulsed laser generated fiber-optic heterodyne

laser interferometer detected waveform for the

graphite/epoxy 90 degree laminate specimen.
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piezoelectric transducer detected waveform for

the graphite/epoxy 90 degree laminate specimen.
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The pulsed laser generated fiber-optic heterodyne laser

interferometer detected waveform for the graphite/epoxy cross-ply

laminate specimen is shown in Figure 29, while the waveform for the

same experiment_tl situation as detected with the point conical

piezoelectric transducer is shown in Figure 30. As with the

graphite/epoxy 90 degree laminate, the cross-ply sample was quite

thin (0.046 in, 1 mm) and once again plate waves were generated in

the specimen by the pulsed laser. Again, the interferometer

faithfully detected the asymmetric Lamb mode wave which

propagated through the specimen, but the piezoelectric transducer
did not.
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Figure 29. Pulsed laser generated fiber-optic heterodyne
laser interferometer detected waveform for the

graphite/epoxy cross-ply laminate specimen.
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Figure 31 shows the pulsed laser generated fiber-optic

heterodyne laser interferometer detected waveform for the filament

wound composite specimen, while Figure 32 shows the conical point

piezoelectric transducer detected waveform for the same specimen.

Since this specimen was much thicker than the other two, bulk

waves were generated. The two waveforms recorded from this

specimen are similar showing that for this specimen geometry the

broad band point conical piezoelectric transducer and the fiber-optic

heterodyne interferometer are both capable of detecting bulk waves

propagating through the specimen.

On the interferometer detected waveforms, an air blast wave

from the Nd:YAG laser pulse occurs at approximately 150

microseconds. A similar blast wave was also captured by the

interferometer on the other two waveforms.
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Figure 31. Pulsed laser generated fib,er-optic heterodyne
laser interferometer detected waveform for the

filament wound composite specimen.
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For compar!son purposes, an AET 206 AU unit was used to run
acousto-ultrasonic tests on the same three composite specimens.
Figures 33-35 show the waveforms using the AET 206 AU unit for
the graphite/epoxy 90 degree laminate, the graphite/epoxy cross-ply
laminate, and the filament wound composite specimens, respectively.
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Figure 33. AET 206 AU unit detected waveform for the
graphite/epoxy 90 degree laminate specimen.
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CONCLUSIONS

This research has shown that replacement of conventional
piezoelectric transducers with a laser generation/detection system
permitted true non-contact acousto-ultrasonic measurements to be
made. The fiber-optic heterodyne interferometer used in this
system captured waveforms which corresponded extremely well
with theoretical predictions, while conventional piezoelectric
transducers did not. Among the waveforms faithfully recorded were

an acoustic emission signal from breaking a glass capillary, 5 MHz

piezoelectric trar_sducer generated ultrasound propagating through

an aluminum block, pulsed laser generated waves in a brass plate

and an aluminum block, and acousto-ultrasonic waveforms from

graphite/epoxy laminates and a filament wound composite. A state-

of-the-art laser based acousto-ultrasonic system, incorporating a

compact pulsed laser and a fiber-optic heterodyne interferometer,

was delivered to the NASA Lewis Research Center along with this

final report.

For the acousto-ultrasonic technique, the effects of piezoelectric

transducer ringing are eliminated using the laser based system,
which leads to a stress-wave-factor which is a measure of the wave

propagating through the test material only and thus faithfully

characterizes the material. The added benefit of being able to use

this and other laser ultrasonic systems in hostile and unusual

environments such as outer space makes them worthy of

consideration for many future nondestructive evaluation

applications.
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